Due to side effects associated with systemic chemotherapy, there is an urgent need for the development of novel drug delivery systems. We focus on the highaspect ratio nanotubes formed by tobacco mosaic virus (TMV) to deliver antimitotic drugs targeted to non-Hodgkin's lymphoma. Many synthetic and biologic nanocarriers are in the development pipeline; the majority of systems are spherical in shape. This may not be optimal, because high-aspect ratio filaments exhibit enhanced tumor homing, increased target cell interactions and decreased immune cell uptake, and therefore have favorable properties for drug delivery compared to their spherical counterparts. Nevertheless, the synthesis of high-aspect ratio materials at the nanoscale remains challenging; therefore, we turned toward the nucleoprotein components of TMV as a biologic nanodrug delivery system. This work presents groundwork for the development of plant virus-based vehicles for use in cancer treatment.
Introduction
According to the National Cancer Institute's Surveillance, Epidemiology, and End Results program's most recent report, over 800,000 Americans are currently living with or in remission from lymphoma. 1 Lymphoma is a neoplastic disorder of the lymphatic system and occurs when lymphocytes, or white blood cells, grow and multiply uncontrollably. Lymphoma can be divided into two categories: Hodgkin's lymphoma and non-Hodgkin's lymphoma (NHL). NHL is more common, and patients with this disease have a poorer prognosis. 2 While the treatment regimen varies with stage of the disease at the time point of diagnosis, the first-line treatment strategy is chemotherapy. 3 Therefore, there is a need for the development of delivery systems to increase efficacy and mitigate off-target toxicities.
One avenue of disease-specific drug targeting is found in the application of antibodies; more specifically antibodydrug conjugates (ADCs). 4, 5 Antibodies can be selected to virtually any molecular target, and the antibody itself can be therapeutic or can carry a therapeutic cargo. One notable example is the monoclonal antibody therapy rituximab. Rituximab targets CD20, a protein expressed on most Bcell NHL and not normally found in circulation, therefore making this therapy highly specific. 6 The addition of rituximab to chemotherapy regimens is the standard for patients diagnosed with B-cell NHL based on early clinical successes. [7] [8] [9] However, response rates can vary widely from 50% to 95% depending on disease subtype, 10, 11 indicating there is still room for improvement.
The development of nanoparticles is another approach towards targeted therapies. Nanoparticles typically measure between 10 and 500 nm and are thus small enough to efficiently navigate circulation, traffic through tissues, and target and enter cells. 12, 13 Nanoparticles are much larger than antibodies (typically measuring 5 Â 7 nm) and offer multivalency, i.e. while an IgG antibody offers two antigen-binding sites, a nanoparticle has the potential to present hundreds to thousands of copies of targeting ligands. The multivalency provides a mechanism to increase target specificity through added avidity effects. At the same time, antibodies offer limited drug-loading capacity, while nanoparticle drug delivery systems (nanoDDS) can deliver large payloads of small molecule therapies. Furthermore, multifunctional designs are possible, where toxic payloads and/ or contrast agents are loaded into nanoparticles decorated with targeting ligands that enable tissue-specific delivery with increased payloads.
In this work, we turned toward the development of the high-aspect-ratio soft-matter nanoparticles using the nucleoprotein components of tobacco mosaic virus (TMV) as a nanoDDS platform technology. TMV is a plant virus offering attractive properties for development and application in nanoscale biomaterials. TMV is a stable, monodisperse, and biocompatible protein-based scaffold that presents an unparalleled opportunity for engineering. [14] [15] [16] [17] [18] The TMV structure is known to atomic resolution, 19 which allows for the identification of specific reactive groups to be targeted for bioconjugation of medical cargo, such as drugs, contrast agents, and/or targeting ligands. 20 Specifically, TMV is a 300 nm by 18 nm rigid hollow nanotube with a 4 nm wide interior channel. Each particle consists of 2130 identical copies of a coat protein (CP) unit, with each CP offering a chemically addressable tyrosine 139 on its exterior surface and glutamic acids 97 and 106 on its interior, solvent-exposed surface. 21 Furthermore, genetic engineering allows the introduction of new functionality. One example of this is the lysine-added mutant 'TMV-lys' that displays reactive lysine groups on the exterior protein shell and is easily modifiable using well known N-hydroxysuccinimide (NHS) chemistry. 17 In addition to the chemical and genetic engineering capabilities, precision shape-engineering, e.g. tuning the aspect ratio of TMV, selfassembling star-shapes or other higher order hierarchical assembles, or even switching shapes from rod-to-sphere, are also possible iterations of the TMV platform technology. [16] [17] [18] [22] [23] [24] In this work, we bioconjugated TMV with a valine-citrulline monomethyl auristatin E (vcMMAE) pro-drug. Once targeted to the endolyosomal compartment of cancer cells, the dipeptide valine-citrulline (vc) is cleaved to release MMAE, an antimitotic and cytotoxic drug that inhibits polymerization of tubulin and thus interferes with cell replication, halts cancer growth, and induces apoptosis. 25 We describe the synthesis and characterization of the TMV-vcMMAE complex and demonstrate cell killing using an in vitro model of NHL.
Materials and methods
Propagation and purification of TMV-lysine TMV-lys was propagated using Nicotiana benthamiana plants (a tobacco plant species). The virus was isolated via established purification procedures yielding up to 100 mg of TMV-lys per 100 g of infected tobacco plant leaves. 15 
UV/VIS spectroscopy
A Thermo Scientific NanoDrop 2000 Spectrophotometer was used to measure the concentration of TMV using the TMV-specific extinction coefficient (1.33 M À1 cm À1 ), the known path length (0.1 cm À1 ), and the Beer-Lambert equation.
Bioconjugation of TMV-lys with vcMMAE
TMV-lys was reacted with 15-fold molar excess of N-succinmidyl-S-acetylthiopropionate (SATP) (Thermo Fisher) with 10% (v/v) dimethyl sulfoxide (DMSO) in 10 mM potassium phosphate buffer (pH 7.0) at room temperature overnight. The resulting TMV-SATP complex was purified via ultracentrifugation at 42,000 rpm over a 40% (w/v) sucrose cushion, reacted with a deacetylation solution (0.5 M hydroxylamine, 25 mM EDTA in PBS, pH 7.4) for 2 h, and then purified with a PD-10 desalting column (GE Healthcare). Next, the TMV-SATP solution was reacted with 10-fold molar excess of vcMMAE (Med Chem Express) overnight and purified via ultracentrifugation. Recovered yields ranged from 70% to 90% after ultracentrifugation, and yields after desalting column ranged from 30% to 50%.
SDS-PAGE
CPs were analyzed using 4-12% NuPAGE gels (Invitrogen) using 1 Â MOPS running buffer (Invitrogen). Twenty micrograms of protein with 4Â loading LDS dye was denatured through heating at 100 C for 5 min. After separation, the gel was first placed in destain solution (10% acetic acid, 50% methanol, and 40% H 2 O) for 30 min. Ten milliliters of the used destain solution was then diluted with 40 mL H 2 O and 50 mL of Coomassie Blue R250. The gel was placed in this solution for 30 min to stain for protein, then immediately photographed using an AlphaImager (Biosciences) imaging system.
Transmission electron microscopy
Two microliter drops of 0.1 mg/mL TMV-vcMMAE in H 2 O were placed onto transmission electron microscopy (TEM) grids and allowed to dry. The following TEM grids were used: Formvar/Carbon 400 mesh, Copper approx. grid hole size: 42 mm, TED PELLA prod. no. 01754-F. The grid was then washed in DI water and stained with 2% (w/v) uranyl acetate for 2 min. After drying, samples were examined using a Zeiss Libra 200FE transmission electron microscope operated at 200 kV.
Cell culture
Karpas 299 cells (ATCC) were maintained in RPMI-1640 at 37 C in a 5% CO 2 -humidified atmosphere. The medium was supplemented with 20% (v/v) heat-inactivated fetal bovine serum (FBS), and 1% (v/v) penicillin-streptomycin. All reagents were obtained from Gibco (Thermo Fisher).
Cell viability assay
Cells at 10,000 cells/mL were seeded in a sterile, tissue culture-treated, 96-well clear bottom plate for 24 h at 37 C in a 5% CO 2 -humidified atmosphere. Cells were then incubated with fresh media with 0.02 nM to 200 nM vcMMAE for 72 h. At 92 h, Alamar Blue (Thermo Fisher) was added, and cell viability was measured at 96 h according to the manufacturer's instructions using a fluorescence plate reader with excitation at 540 nm and emission at 610 nm.
Confocal microscopy
Karpas 299 cells were seeded at a density of 500,000 cells/ well in a 96-well plate in fresh RPMI and incubated with TMV at 1,000,000 particles/cell for 8 h at 37 C in a 5% CO 2humidified atmosphere. Cells were spun down at 500 g, washed two times with CELL buffer (0.1 mL 0.5 M EDTA, 0.5 mL FBS, 1.25 mL 1 M HEPES pH 7.0, 48.15 mL PBS), fixed using 2% (v/v) paraformaldehyde in CELL buffer, then washed an additional two times in CELL buffer. Cells were washed in PB buffer (0.2% (v/v) Triton X-100 in DPBS) twice, and incubated with rabbit anti-TMV (1:500) (Pacific Immunology) and mouse anti-human LAMP-1 (1:500) (Sigma Aldrich) in CELL buffer for an hour. The cells were then washed two more times with PB buffer and spun down on cover slips at 2000 r/min for 5 min. Then, the cells were incubated with secondary antibodies using Alexa Fluor 488-labeled goat anti-mouse antibody and Alexa Fluor 555 anti-rabbit antibody (Invitrogen) in PB with 5% (v/v) goat serum for 1 h. Lastly, the slips were washed two more times with CELL buffer, stained with DAPI (Sigma Aldrich), and imaged at 40Â on an Olympus FluoView TM FV1000 laser scanning confocal microscope.
Results and discussion
TMV-lys was first propagated in N. benthamiana plants. TMV-lys displays a lysine residue instead of a serine at amino acid position 158; thus, the amine-functional lysine group is solvent-exposed and located at the C-terminus of the CP. 17 TMV-lys was extracted in yields of 1 mg of pure virus per gram of infected leaves. To obtain vcMMAEloaded TMV, the antimitotic drug was bioconjugated using a three-step reaction (Figure 1) . First, the amine handle of the TMV-lys was converted into a acetate-protected sulfhydryl group using the bi-functional linker SATP, using a ratio of SATP:TMV CP of 15:1. The reaction was purified via ultracentrifugation over a 40% (w/v) sucrose cushion. The terminating sulfhydryl groups of TMV-SATP were released using hydroxylamine and purified using a PD-10 desalting column, yielding a free thiol handle for conjugation with a maleimide-functionalized vcMMAE through a thiol-Michael reaction using a vcMMAE:TMV CP ratio of 10:1. The reaction mix was again purified by ultracentrifugation over a sucrose cushion, and the final formulation was characterized by UV/VIS spectroscopy, SDS-PAGE, and TEM ( Figure 2) . UV/VIS spectroscopy was conducted to analyze the amount of protein recovered. Recovered yields ranged from 70% to 90% after ultracentrifugation, and yields after desalting column ranged from 30% to 50% of TMV-vcMMAE.
After each conjugation step, the particles were analyzed using SDS-PAGE (Figure 2(a) and (b) ). The TMV CP measures 17.5 kDa and was detectable on the SDS-PAGE (Lane 1, Figure 2(a) ). A small percentage of CP dimers was also detectable near the 39-kDa molecular weight standard. The dimers result from inter-CP crosslinking and are often observed, especially when analyzing modified TMV CPs. Shifts in the band pattern toward higher molecular weight bands indicated successful conjugation of vcMMAE (Lanes 3 þ 5, Figure 2(a) and (b) ). The drug, vcMMAE, has a molecular weight of 1316.64 g/mol, and a shift towards the higher molecular weight band indicated that conjugation was successful; the CP-vcMMAE band was detectable at 20 kDa. Densitometry analysis conducted using ImageJ software indicated $100% band separation (Figure 2(b) ). In other words, the uniform shift of the band indicated all of the 2130 CPs of each TMV particle, and hence all 2130 available lysine sites per TMV were labeled with the therapeutic cargo.
Finally, TEM revealed that the TMV-vcMMAE formulations remained intact; imaging of negatively stained TEM grids showed structurally sound TMV nanoparticles (Figure 2(c) ).
To conclude the synthesis of the vcMMAE-conjugated TMV, we developed a protocol allowing efficient drug loading to TMV. The chemical reaction reached completion with each of the 2130 CPs being modified with a drug molecule. On a %-molecular weight basis, this translates to a drugloading efficiency of $7 wt% per TMV. This is comparable to immunotherapies which have drug loading of up to $7 wt% per IgG and up to $10 wt% per diabody in antibody conjugated MMAE studies. 26, 27 Nevertheless, ADCs are limited to only carrying up to eight drug molecules per antibody, which is far fewer than the load which TMV can carry, namely $2000 copies of the payload.
Next, we set out to study the in vitro properties of the drug candidate using Karpas 299 cells, a human-derived large cell NHL. First, we studied the fate of the TMV formulation in these cells: fluorescence imaging indicates that TMV is indeed taken up by these cells and that the nanoparticles target the endolysosomal compartment (Figure 3 ). These results are as expected, as we and others have previously shown that TMV is internalized by cancer cells through a combination of endocytosis and macropinocytosis and that the particles then co-localize with endolysosomal markers. [28] [29] [30] We hypothesize that within the protease-rich environment of the endolyosome, the prodrug TMV-vcMMAE is cleaved at the protease-cleavable vc linker, resulting in release of the active MMAE component. In fact, in our previous studies, we have shown that TMV-conjugated cargos are cleaved and released in endolysosomal extracts even when conjugated via amide bonds. 30 Therefore, we hypothesize that the therapeutic cargo MMAE is released from the TMV carrier upon cell uptake and trafficking to the endolysosomal compartment, in which the protein carrier is likely degraded and cleared over time.
Finally, to evaluate the efficacy of TMV-vcMMAE, cell viability assays were performed using the Alamar Blue assay. We found that vcMMAE delivered by TMV remained efficacious and resulted in cell killing, although at a lower efficacy compared with free vcMMAE. The IC 50 for free vcMMAE was determined to be 25.8 nM, while the IC 50 for TMV-vcMMAE was found to be 256.1 nM (Figure 4) . TMV without the drug conjugate was non-toxic to cells (not shown). IC 50 values of free vcMMAE drug are in good agreement with data reported in the literature and lie within the low nanomolar range, and it has been shown that efficacy can be somewhat reduced for ADCs as well, with ranges from 2 nM to 42 nM reported. [31] [32] [33] The lower IC 50 values of the antibody and also nanoparticle conjugates may be explained by lower cell uptake kinetics, as has been reported with other systems. 34, 35 This could potentially be advantageous for reducing off-target effects from non-specific uptake as future developments of these nanoparticles look into incorporating active targeting ligands.
Conclusions
We demonstrated the development of TMV as a nanoDDS targeting lymphoma. Bioconjugate chemistry allowed effective drug conjugation yielding vcMMAE-TMV pro-drug. Imaging and cell viability assays using an in vitro model of human B-cell NHL validated the approach by demonstrating cell uptake, endolysosomal processing of the drug, followed by cell killing -the IC 50 was determined to be $250 nM. This work expands the library of plant virus-based nanoDDS approaches. In recent years, a number of drug-loaded plant virus-based formulations have been developed; for example, we demonstrated efficacy of platinum drug candidates 28 as well as photodynamic agents 36 delivered by TMV. Similarly, we and others have also shown efficacy of doxorubicin-conjugated TMV rods, disks, and spherical nanoparticles. 22, 37 Beyond the loading of low-molecular weight chemotherapies and photodynamic therapies, the study demonstrates the functionalization of TMV with a peptide therapeutic, thus opening a new avenue for further exploration.
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